A transportation network is a complex system that exhibits the properties of selforganization and emergence. Previous research in dynamics related to transportation networks focuses on traffic assignment or traffic management. This research concentrates on the dynamics of the orientation of major roads in a network and abstractly models these dynamics to understand the basic properties of transportation networks. A model is developed to capture the dynamics that leads to a hierarchical arrangement of roads for a given network structure and land use distribution. Localized investment rules -revenue produced by traffic on a link is invested for that link's own development -are employed. Under reasonable parameters, these investment rules, coupled with traveler behavior, and underlying network topology result in the emergence of a hierarchical pattern. Hypothetical networks subject to certain conditions are tested with this model to explore the network properties. Though hierarchies seem to be designed by planners and engineers, the results show that they are intrinsic properties of networks. Also, the results show that roads, specific routes with continuous attributes, are emergent properties of transportation networks.
INTRODUCTION
Each network is inherently complex due to its structural connectivity, dynamic behavior and nonlinear and heterogeneous interactions between its elements. Much research is needed to understand even some of the simplest and most prevalent networks. One wonders why such an important aspect of science was neglected for so long. However, the advent of computers, concepts like self-organization and chaos used in the study of nonlinear dynamics, and growing dependence and interest in networks such as the Internet have made it possible for researchers to concentrate their energies to understand intrinsic structure of networks.
A transportation network (from now on, just network) when looked from the perspective of complex systems consists of nodes (intersections), links (road sections) and land use (travelers or trips) as comprising agents. In this research, network topology is taken as a given variable and link and system properties are modeled. Transportation networks are comprised of system properties like hierarchy of roads, accessibility, geometrical features (or network properties like the ratio of nodes to links), congestion, and so on. The main objective of this research work is to model transportation network dynamics as a complex system and observe under what conditions, if any, a hierarchy of roads emerges, and similarly roads, specific routes with continuous attributes, emerge.
For a given network topology and geographical land use distribution, trips from each network node to other nodes are calculated and these trips are placed on the network. Traffic on each link pays a toll to that link and this collected revenue is invested for that link's own development, thus changing the properties of links. Using these new link properties, which change the path of least cost travel between any given origin and destination, the whole process is repeated until it reaches equilibrium, or it is clear that it won't reach an equilibrium.
The results show that even when land use distribution and link length are uniformly maintained, hierarchies emerge. Moreover, these hierarchies approximately replicate the rank order rule of the hierarchies in real world networks. The results also show that roads are emergent properties of networks.
The next section presents analogous theories in regional science and economics that explain formation of hierarchies, and develops the hypothesis of this research.
Section 3 describes the network dynamics model. Experiments are conducted and the results are presented in Section 4. The paper ends with conclusions and suggestions for future research.
THEORETICAL BACKGROUND
Roads (or road links) can be classified into hierarchies according to the flow of traffic they carry. Freeways, which are at the extreme end in the hierarchical classification, carry maximum traffic while their span is relatively small when compared to the total length of all roads in a given geographical location. The Interstate Highway System comprises one percent of all highway miles, but carries one fourth of the U.S. vehicle miles of travel (USDOT 2000). Conversely local roads, which are a larger share of road length, carry little traffic, mostly from neighboring land uses.
There are mathematical models in fields like regional science, and economics that intend to explain the formation of hierarchies of their respective subjects. Regional science explores hierarchies of places or hierarchies in the system of cities (Beckman 1958; Beckman and McPherson 1961; Fano 1969; Tinbergen 1968) . Economics considers formation of income categories and firm sizes (Champernowne 1953; Roy 1950) . But there are virtually none in transportation, as it seems to be taken for granted that planners and engineers design the hierarchies of roads. Using the example of an underdeveloped country, Taaffe et al. (1963) explains the growth of the transportation network and emergence of hierarchies of roads as a "continuous process of spatial diffusion and an irregular or sporadic process influenced by specific economic, social, or political forces." However, their study does not present a mathematical model.
If hierarchies and roads really emerge, rather than being designed, then there is much to learn from the disciplines mentioned above. Any explanation of the formation of hierarchies of places does not end without mentioning the central place theory developed from works of Christaller (1933) and Lösch (1954) . Christaller argues that central places emerge due to uneven distribution of facilities and transportation costs to reach these facilities. He then argues that these central places form a hierarchy. Lösch further suggested that these central places take a hexagonal shape. Krugman (1996) argues that these models don't qualify as economic models as they do not show emergence of these central places from "any decentralized process." Recently, Fujita et al. (1999) formulated a mathematical model that explains the hierarchical formation of cities from a "decentralized market process".
Principles of complex systems have become popular among the fields that require modeling system properties from decentralized processes. There is no universally accepted definition of a complex system. However, it is generally agreed that it consist of "a large number of components or 'agents', interacting in some way such that their collective behavior is not simple combination of their individual behavior" (Newman 2001 ). Examples of complex systems include the economy -agents are competing firms; cities -places are agents; traffic -vehicles are agent; ecology -species are agents.
Complex systems are known to exhibit properties like self-organization, emergence and chaos. Cellular Automata (CA) is a commonly employed tool for modeling complex systems (von Neumann 1966; Schelling 1969; Wolfram 1994 Wolfram , 2002 that has been applied to model traffic (Schadschneider and Schreckenberg 1993; Nagel and Schreckenberg 1992) . Epstein and Axtell (1996) modeled social processes using agent based computer models -another tool of modeling complex systems. They modeled a "Sugarscape" -a landscape of resources that agents consume -and placed agents -rational decision makers -on it to simulate social processes. They showed the emergence of social wealth and age distributions (which can be considered as social hierarchies) from localized interactions of agents. They also modeled the dynamics of trade networks, credit networks and disease transmission networks using agent interactions (but did not model transportation networks).
NETWORK DYNAMICS MODEL
In this research a network dynamics model is developed that brings together all the relevant transportation models to simulate network growth. An overview of transportation models and their interconnectivity is shown in Figure 1 . Network structure, land use and demographic information, and user-defined events are exogenous inputs. In formulating the dynamics from a complex systems perspective, the network 
Network Structure:
The transportation network is represented as a directed graph that connects nodes with directional arcs (links). The directed graph is defined as: G = {N,A} where N is a set of sequentially numbered nodes and A is a set of sequentially numbered directed arcs. An arc 'a' connected from origin node m to destination node n is represented as m AE n. Let R denote a set of origin nodes and S denote a set of destination nodes. Note that in transportation networks R = S = N, i.e. each node acts as both origin and destination. Let generated (h z ) from that cell (z). Using the cell properties, trips produced at and trips attracted to a network node can be calculated by summing up the trips produced at and trips attracted to all cells that are nearest to that node. Let g n and h n be trips produced at and trips attracted to network node n. This is calculated as the linear combination of link travel time and the toll (t) as shown in
where, r 1 is a coefficient.
From each node in the network, a least cost path to every other node is calculated using Dijkstra's Algorithm (Chachra et al. 1979) . Let K rs represents a set of arcs along the least cost path from origin r to destination s for iteration i. 
where, g is a coefficient that represents commuters disinclination as costs of travel rise.
The resulting OD matrix is also incorporates the reverse trips from an origin to a destination to account for the evening traffic returning home. 
where y is a model parameter to scale flow annually.
Cost Model:
This model calculates the cost to keep a link in its present usable condition depending on the flow, speed, and length. †
where, C i a is the cost of maintaining the road at its present condition, m is the (annual) unit cost of maintenance for a link, a 1 , a 2 , a 3 are coefficients indicating economies or diseconomies of scale
Investment Model:
Depending on the available revenue, and maintenance costs this model changes the speed of every link at the end of each time step as shown in equation (9). If the revenue generated by a link is insufficient to meet its maintenance requirements i.e. E a < C a , its speed drops. If the link has revenue remaining after maintenance, it invests that remaining amount in capital improvements, increasing its speed. This, along with a shortest path algorithm, embeds the "rich get richer" logic of link expansion. A major assumption in this model is that a link uses all the available revenue in a time step without saving for the next time step. †
where, b is speed improvement coefficient.
With the new speed on the links the travel time changes and the whole process from the travel demand model is iterated to grow the transportation network until the network reaches equilibrium, or it is clear that it won't. 
EXPERIMENTS AND RESULTS
The network dynamics model presented in the previous section provides a platform to conduct experiments on transportation networks to study their properties and dynamics.
Several experiments are conducted and the results are presented in this section.
Base Case:
A base case is chosen and variations are made to this case to study how these variations For purpose of this graph, the entire range of flow distribution is divided into 8 intervals of equal size and the number of links falling in each interval is counted. These counts are divided by the total number of links in the network to get probabilities. These intervals are given a rank; the lower the flow range in the interval, the higher is the rank.
Notice in the graph as the size of the network increases, the probability distribution of the grid networks tend to get closer to the Twin Cities flow distribution.
This graph concretely establishes that it is possible to replicate the global properties of real transportation networks by growing the network system using localized investment rules.
Experiment B:
Experiment B is similar to the base case except for the treatment of initial speeds and land use characteristics. Land use characteristics of the cells are randomly distributed across the geography between 10 and 15 trips. In this case, unlike the previous case, trips produced and trips attracted from a land use cell need not be the same. Link speeds in this model are dealt in two ways; firstly (experiment B1), speeds are assumed to be same for each link with magnitude 1, same as base case. Secondly (experiment B2), speeds are randomly distributed between 1 and 5 as it was done experiment A. Typical solutions for experiment B1 and B2 are shown in Figure 6 . Notice the similarity of this experiment with the previous case. We believe the differences in land use distribution (and speeds in case of experiment 2b) and the boundaries are responsible for the hierarchies in this case. Similar to the previous case, a Notice that as the network size increases the behavior of traffic flow distribution is approaches the behavior of the Twin Cities, similar to the observation in experiment A.
CONCLUSIONS
This paper presents a transportation network dynamics model that includes localized revenue and investment models. This model can be considered as a "bottom-up" approach of modeling the emergence of hierarchies and roads, which are observed in several experiments. Therefore, it is possible to grow hierarchies and roads in a transportation network using decentralized investment rules. The network, no matter how random the initial speed distribution is, when grown subject to localized investment rules is producing order by self-organization.
If one looks at the complexity and bureaucracy involved in transportation infrastructure investment, one might conclude that it is impossible to model the transportation network dynamics endogenously. But this research has shown that simple localized investment rules can be used to reflect the overall system properties. In fact, it is not the results that are most striking, but the simplicity of the investment rules in mimicking the system properties.
A new way of modeling and testing network dynamics is created by this research work which opens numerous opportunities of future research that can contribute immensely to our understanding of network dynamics. Research work exploring different possibilities of investment rules that can not only reflect the global properties of networks, but also the network structure itself, can be considered. A realistic network can be used in these experiments instead of hypothetical grid networks. More sophisticated travel demand models can be used. The cost model represented here can be made more realistic by introducing a construction cost function. A revenue sharing model -allowing links to share their revenue if they have excess -can be introduced and may produce much richer and realistic dynamics.
